Although the commercially important mushroom Lentinus (= Lentinula) edodes (Berk.) Sing. can be rapidly cultivated on supplemented wood particles, fruiting is not reliable. This study addressed the problem by developing more information about growth and development on a practical oakwood-oatmeal medium. The study determined (i) the components degraded during a 150-day incubation at 22°C, (ii) the apparent vegetative growth pattern, (iii) the likely growth-limiting nutrient, and (iv) assays that can be used to study key extracellular enzymes. All major components of the medium were degraded, lignin selectively so. The vegetative growth rate was most rapid during the initial 90 days, during which weight loss correlated with glucosamine accumulation (assayed after acid hydrolysis). The rate then slowed; in apparent preparation for fruiting, the cultures rapidly accumulated glucosamiine (or its oligomer or polymer). Nitrogen was growth limiting. Certain enzyme activities were associated with the pattern of medium degradation, with growth, or with development. They included cellulolytic system enzymes, hemicellulases, the ligninolytic system, (gluco-)amylase, pectinase, acid protease, cell wall lytic enzymes (laminarinase, 1,4-0-D-glucosidasei ,I-N-acetyl-Dglucosaminidase, a-D-galactosidase, ,3D-mannosidase), acid phosphatase, and laccase. Enzyme activities over the 150-day incubation period with and without a fruiting stimulus are reported. These results provide a basis for future investigations into the physiology and biochemistry of growth and fruiting.
whole oat kernels (50% [wt/wt] H20) which had been sterilized by autoclaving at 121°C for 1.5 h. After 21 days of incubation at room temperature, three kernels were used to inoculate each flask. Cultures were incubated at 22°C and 80% relative humidity with 430 lx of light from Gro-Lux fluorescent bulbs (Sylvania Co., Danvers, Mass.) on a 9-h light-15-h dark cycle. A fruiting stimulus was given to some 90-day-old cultures: a 12-day cold treatment at 5°C followed by 3 days at 22TC.
Culture composition determinations. Dry weights and moisture contents of the samples were determined by drying at 60°C. Culture pH was measured with 5-g (wet weight) samples of freshly harvested cultures after suspending in 20 ml of deionized H20 for 30 min. Values for dry weight, moisture content, and pH are expressed as mean ± standard deviation for triplicate cultures.
Chemical analyses were on dried samples ground to 40-mesh size. Total sugars (8) , individual sugars (41) , uronic anhydrides (31) , lignin (8) , and glucosamine (2-h hydrolysis) (14) were determined after acid hydrolysis. Values (46) with an aqueous suspension of U-ring-'4C-synthetic lignin (50 ,ug [45, 000 dpm]/ml) as the substrate (18, 20) . To assay, 5-g (fresh weight) samples of the contents from each freshly harvested culture were placed into duplicate 125-ml Erlenmeyer flasks. A 2-ml sample of the lignin suspension was dispensed uniformly over each sample, and the cultures were then incubated under 02 for 60 days at 22°C with periodic flushing with 02 and trapping of 14CO2 (18, 20) . The percentage of the total 14C evolved as 14CO2 for the duplicate assays were averaged, and results are reported as the mean ± standard deviation for triplicate cultures (total of six replicates).
Culture extraction and extractable protein determination. Individual cultures were suspended in 75 ml of deionized H20 and incubated at room temperature for 2 h with 10-s stirring every 15 min. The culture extracts were filtered through nylon mesh and then glass wool and centrifuged at 10,000 x g for 10 min. Extracts were sinmultaneously concentrated to ca. 2 ml and dialyzed against 1 Fig. 1 and Table 1 . A 25% loss in total dry weight occurred, most of it between days 15 and 90 (Fig. 1) . Loss in total carbohydrates followed the weight loss, except between days 45 and 75, when little carbohydrate was degraded. The sum of the weight losses of individual components agreed with the total dry weight loss (Table 1) . On a weight basis, lignin loss was nearly equal to that of glucan and was twice that of xylan. Weight loss due to minor carbohydrates was negligible. On a relative rate basis, the rates of loss for glucan and xylan were equivalent, lignin was degraded at nearly twice the rate as glucan (40% loss during the 150-day incubation; Fig. 1 ), and the minor carbohydrates-galactan, arabinan, and uronans-were degraded even faster ( Table 1 ). The pattern of lignin loss was expected; after an initial lag, lignin degradation was highest early in the incubation.
Vegetative growth pattern and growth-limiting factor. Fungal growth at 22°C was assessed visually and was estimated from changes in culture composition. Inoculum growth into the wood was apparent after 3 days, and by day 15 a thin network of mycelium had permeated the medium. Based on changes in dry weight (Fig. 1) , in moisture content (Fig. 2) , in glucosamine content (Fig. 3) (Fig. 1 and 3 ). After increasing through day 90 in parallel with growth, the glucosamine content then abruptly increased more than fivefold. Without a cold treatment as stimulus, fruiting did not occur.
Nutrient nitrogen was the probable growth-limiting factor. The medium contained less than 0.5% (dry weight) total nitrogen, at least half of which was from oatmeal protein.
Extractable protein rapidly decreased during the incubation until day 60, after which it remained constant ( Fig. 3) , indicating the depletion of utilizable nitrogen. Neither pH nor moisture changes was growth limiting because neither paralleled the decrease in vegetative growth rate after day 90 ( Fig. 1 and 2) .
Ligninolytic system activity. Ligninolytic activity ([14C] lignin -* 14CO2) was maximal in 15-day-old cultures and then decreased sharply with age. In both 24-h and 60-day assays (see Materials and Methods), the pattern of activity paralleled that of lignin loss ( Fig. 1 and 4) . Interestingly, during the first 1 to 3 days of assay, the rates of lignin degradation were ten-fold lower than the rates thereafter (24-h and 60-day assays, Fig. 4 ). Other enzymes were also detected in the extracts with different substrates (Fig. 7 ; not all data shown). Acid protease was detected with hide-powder azure, and laccase was detected with o-tolidine. Tyrosinase and polyphenol oxidase (active at in vivo pH) were absent at all ages; i.e., the extracts failed to oxidize L-tyrosine and levodopa at pH 4.
Age-dependent changes in enzyme activities. Age (growth)-dependent changes in activities were noted with several enzymes (Fig. 5, 6 , and 7). These were enzymes that probably degrade the cell wall polymers of this fungus: Extracellular enzymes. The cellulolytic system enzymes were assayed with the appropriate substrates ( Fig. 5 ; not all data shown). Substrates requiring the combined hydrolytic activities of exo-and endo-1,4-D-glucanases for rapid hydrolysis-cotton, solka-floc, cellulose azure, and Avicel-were only slowly hydrolyzed by the extracted enzymes. Substrates for endo-1,4-p-D-glucanase and 3-glucosidase-highviscosity carboxymethylcellulose and salicin, respectivelywere hydrolyzed more rapidly. The cellobiose:quinone oxidioreductase substrate DBBQ was either oxidized extremely slowly by the culture extracts or not at all.
Hemicellulases, (gluco)amylase, pectinase, other polysaccharides, and saccharides were assayed with the appropriate polysaccharides and disaccharides ( Fig. 5 ; not all data shown). Major wood hemicelluloses, including glucuronoxylan, arabinoglucuronoxylan, and glucomannan, were readily hydrolyzed by the extracted enzymes. Amylopectin, amylose, polygalacturonic acid, and gum tragacanth (a xylanogalacturonan) were also hydrolyzed at appreciable rates. In contrast, arabinogalactan and locust bean gum (a galactomannan) were only slowly hydrolyzed, whereas gum arabic (a galactoarabinan), gum karaya (a glucuronorhamnogalacturonan), yeast cell wall ox-mannan, and sucrose were not hydrolyzed.
Selected classes of hydrolytic enzymes were assayed with PNP analogs, which provide highly sensitive assays. Not all These peaks in activity did not coincide with significant increases in the rate of medium degradation (Fig. 1) .
Other age-dependent changes in the activities were also k o0.di.e..L.cca.e noted (Fig. 4, 5, and 7) . Protease activity, not detected in X. 15-day-old cultures, was present from day 30 onward, cor-,. relating with the loss in extractable protein (Fig. 2 and 7) . F 2 PNP-Phospho?eEster Despite the low mycelium content of cultures, hemicel-2 l l lulases, (gluco)amylase, and the ligninolytic system were high in young cultures (Fig. 5) . The activities of the hemiceli lulases acting on glucuronoxylan remained essentially con-, stant during the initial 90 days of incubation (Fig. 5) . The z1 pattern for laccase activity was complex, but in two separate ' experiments was clearly age dependent ( Fig. 7) . Definitive assignment of EC (Enzyme Nomenclature Committee) numbers requires purification of each enzyme and the determination of substrate specificity.
All assays are at pH 4.0 with H,O-extracted enzymes, except with the radiorespirometric assays, where the assays were at the in vivo pH with nonextracted culture samples as the ligninolytic system source.
" Although amylopectin also requires isoamylase (EC 3.2.1.68) for its complete degradation. it is soluble and thus easier to use than amylose. Phanerochaete chrysosporium, the initial lag in activity at the start of each assay was apparently associated with culture perturbation (20) . In agreement with previous results (22) , and in contrast to results with the widely studied lignin-degrader P. chrysosporium (1, 20) , the activity here was associated with neither depletion of culture nitrogen nor with phenoloxidase activity. Ligninolytic activity was maximal here when glucan degradation was maximal, suggesting that L. edodes, like P. chrysosporium (5, 19) , must degrade an alternate substrate to support lignin degradation. L. edodes apparently fails to hydrolyze wood polysaccharides at rates sufficient for both optimal growth and maintenance of high ligninolytic activity. (9) . Glucose released by amylase action here probably suppressed cellulose degradation (27, 47) . However, since the total glucan loss only slightly exceeded the total starch present (starch was 14% of total glucan), it is likely that little of the cellulose (less than 6%) was degraded even after the starch was depleted.
In accord with the low extent of cellulose degraded, the data here suggest that L. edodes is at best only moderately cellulolytic. Cellulolytic systems of white-rot fungi are comprised of the hydrolytic enzymes exo-1,4-p-D-glucanase (exo-cellobiohydrolase), endo-1,4-P-D-glucanase (endocellulase), and ,-D-glucosidase (cellobiase) (47) . Here endo-1,4-P-D-glucanase and P-D-glucosidase were present at moderate levels. Although difficult to extract and thus often underestimated, exo-1,4-p-D-glucanase is often present in only low quantities, limiting the rate at which white-rot fungi degrade native cellulose (28, 47) . The exceedingly low activity found here suggests that this is also the case with L. edodes. Consistent with only low cellulolytic activity, unpublished results show that L. edodes grows with great difficulty on native cellulose as a sole carbon source, and observation shows that despite heavy mushroom production, logs colonized by L. edodes retain fiber integrity for many years. In certain white-rot fungi the oxidative enzyme cellobiose:quinone oxidoreductase is apparently also involved in cellulose degradation (10, 47) ; but it is essentially absent in Pleurotus ostreatus Fr. (2) , another widely cultivated white-rot mushroom, and, as shown here, it is also apparently absent in L. edodes.
In contrast to cellulases, some hemicellulases and polygalacturonidase (pectinase) were extracted in high titers from the cultures. The best substrates for these enzymes were polymers with the common glycosidic linkages 1,4-a-D-XylOSyl, 1,4-p-D-mannosyl, 1,4-P-D-glUCoSyl, 1,2-a-Dglucuronosyl acid, 1,3-a-L-arabinosyl, and 1,4-ox-Dgalacturonosyl (44 (11, 23, 24) and acid phosphatase (7, 13) . The complex changes in laccase titer suggest that it has more than one function (5 50, 1985 hardwood logs linked fruiting to increased cellulase and xylanase titers (17, 40) . This enzyme increase and those reported here suggest that localized hydrolysis beneath the site of development helps fuel fruit body expansion. Supporting the importance of extracellular carbon source to development, cultures grown in liquid media require an external carbon source to fruit (39; Leatham, in press).
In conclusion, the results presented here provide a body of new information valuable for optimizing substrate composition and for monitoring and controlling the growth and fruiting of L. edodes.
